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Abstract- - In this quasi-monographical article we review the role and the evolution in that role that the 
symmetry principle has played and is continuing to play in the development of the theory of the physics 
of elementary particles. We review first its use as an invariance principle which provides a group- 
theoretical classification for particles and for forces. In this classical, historical realm of the use of 
symmetry, symmetry acts only as a kinematic onstraint which restricts and categorizes possible structures 
for the theory. With the development of local gauge theories it was found that rather than merely be a 
constraint on the dynamics the symmetry of local gauge invariance could also provide an origin for the 
existence of the forces in the first place, with the forces being described by the mediation of a set of 
associated vector gauge bosons. Further, following developments in the theory of phase transitions, it
was found that these local gauge theories could then themselves be spontaneously broken by the dynamical 
effects of the forces to produce an asymmetric observable world in a theory with completely symmetric 
forces. We review all these developments emphasizing in particular the close analogy with many-body 
theory and solid state physics, and present some recent applications of these ideas, specifically the unified 
theory of electromagnetic and weak interactions due to Weinberg, Salam, and Glashow, and the grand- 
unified theories of all the fundamental forces which are currently being considered in the literature. 
1. INTRODUCTION 
The symmetry principle has proven to be one of the most powerful and durable principles in 
elementary particle physics, so that today it is one of its most fundamental cornerstones. And 
yet, perhaps even more remarkable than the degree to which symmetry has shown itself to be 
relevant has been the changing evolution in the role that symmetry has played in the development 
of elementary particle theory. Historically, symmetry first developed in elementary particle 
physics as it did in other areas of physics, namely it extended the general geometrical invariance 
concept of classical mechanics to invariances in quantum physics, so that applications could 
then be made to systems which were either exactly or approximately invariant under some 
symmetry transformation. I  such cases the symmetry of the solutions to the equations of motion 
would be the same (i.e. either exact or approximate) as that of the equations themselves. 
Following fundamental developments made in the fifties in the many-body problem aspects of 
phase transitions and cooperative phenomena in solid state physics, it was gradually realized 
that in the presence of such collective phenomena it was possible for a situation to occur in 
which the solutions to the equations of motion could have less symmetry than the equations 
themselves. Such a situation is known as spontaneously broken symmetry wherein an exact 
invariance of a system of equations of motion is broken by its solutions. (The terminology 
though now standard is a little confusing since the symmetry is not broken at all at the level 
of the equations of motion. Nonetheless, we shall use it here while stressing that it is important 
to distinguish spontaneously broken symmetry from approximate symmetry, since an approx- 
imate symmetry in the sense introduced earlier is one which is in fact broken (approximately) 
in the equations of motion). The great virtue of spontaneously broken symmetry is that it allows 
an observable asymmetric world (the solutions to the equations of motion) to have associated 
with it a completely symmetric underpinning with completely symmetric interaction forces 
(which are governed by the equations of motion). It is this attractive possibility which first led 
to the adaptation of the spontaneously broken symmetry idea to elementary particle physics, 
and which eventually led to the recent dramatic experimental discovery of the weak interaction 
W and Z intermediate v ctor bosons. In this quasi-monographical review we shall endeavor to 
trace all these developments. 
Philosophical discussion about symmetry and about he basic structure of matter dates back 
as far as the ancient Greeks, if not even further. The question "what is matter made of" drew 
the attention of Greek philosophers such as Anaxagoras and Democritos, who introduced the 
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concept of the atom, and Empedocles who introduced the concept of elements, with four such 
elements (earth, fire, water and air) serving as the ultimate building blocks for all other matter. 
Additionally, the ancient Greeks found the concept of symmetry to be aesthetically attractive, 
particularly when applied to works of art or to Euclidean geometry. However, for the Greeks 
the structure of matter and the elegance of the symmetry concept were essentially separate 
philosophical notions to be studied independently, and then only abstractly. The modem theory 
of elementary particles and of fundamental processes which has now emerged through the 
repeated application of symmetry principles would thus surely have delighted the ancient Greeks. 
In a sense then the modem theory of matter epresents he successful marriage of some of the 
most aesthetic of the Greek philosophical speculations. 
2. HISTORICAL BACKGROUND 
Before discussing symmetry in elementary particle physics it is useful to review briefly its 
earlier applications in physics since many of the essential ingredients are already there. One of 
the earliest significant applications of symmetry was made by Maxwell in the mid-nineteenth 
century when he constructed a theory of electromagnetism which was manifestly symmetric 
between the electric and magnetic fields. The theory predicted the existence of radio waves 
which would travel at the speed of light c. For our purposes here we note two things. Firstly, 
Maxwell's theory achieved a unification (another Greek dream) of some of the basic forces in 
nature, namely electricity, magnetism and light, showing that they were not associated with 
three independent and unrelated branches of physics at all but, rather, that they were intimately 
and profoundly connected. This was then the first unification in physics and it was the forerunner 
of the current unification program of modem elementary particle physics. Secondly, Maxwell's 
theory solved one problem only to raise another, since though his equations howed that radio 
waves travelled with the velocity of light the equations did not state in which frame this velocity 
was to be measured. There then followed a totally unsuccessful experimental search for a 
privileged aether frame in which to measure the velocity; and the problem was only resolved 
by Einstein in 1905 with his relativity postulate that the velocity of light is the same in all 
frames. With Einstein's pecial theory of relativity anew symmetry was introduced into physics 
one which treats space and time equivalently and is known as Lorentz invariance. Lorentz 
invariance augments the three ordinary spatial rotations (xy, yz, zx) with three others which 
mix space with time (xt, yt, zt) to give altogether the six parameter S0(3 ,  1) Lorentz group of 
transformations which leave invariant he space-time interval x 2 + y2 + z2 _ c2t 2. Thus the 
symmetry between space and time grew out of the symmetry between electric and magnetic 
fields. 
Even more profound than relativity was the development in 1925 of (non-relativistic) 
quantum mechanics by Heisenberg and Schrodinger. This new theory renounced classical me- 
chanics with its real coordinate space and instead asserted that, rather, physics occurs in a 
complex Hilbert space and is described by wave functions and non-commuting operators. This 
change in the space in which physics is realized had far reaching implications for symmetry. 
Specifically, a wave function 0(x) could acquire a complex exp (ict) phase under a symmetry 
transformation and further, a set of N such wave functions 0r(x) (i = l . . . .  N) could also 
mix under a symmetry transformation, with the phase a then being an N-dimensional matrix. 
The invariance of the quantum-mechanical probability EtOi(x)l 2 under symmetry transformations 
then restricted the exp (iet) matrices to be unitary, so that for a set of N wave functions the 
relevant symmetry group would be an N-dimensional non-Abelian (i.e. non-commuting) unitary 
group SU(N) with N 2 - l parameters. Thus quantum mechanics brought unitary groups (in 
contrast to the real orthogonal groups of classical physics) to the forefront in physics and opened 
the door to spectroscopy. 
In spectroscopy the energy levels of a quantum-mechanical Hamiltonian are classified 
according to the irreducible representations of a symmetry group under whose transformations 
the Hamiltonian is either left invariant (exact symmetry) or transforms in a specific manner 
(approximate symmetry). This then leads to a classification scheme for energy levels and for 
transitions between them which was applied first to atomic energy levels, subsequently to the 
nuclear shell model, and eventually to elementary particles. Central to the spectroscopic use of 
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symmetry is the requirement that the symmetry analysis be applied to systems with a finite, 
fixed number of degrees of freedom (such as a few electrons in an atom, a few nucleons, i.e. 
neutrons and protons, in a nucleus, or the three quarks in a nucleon). This then is the "classic" 
realm of the use of symmetry. 
Shortly after the development of the non-relativistic quantum mechanics of Heisenberg and 
Schrodinger and concurrent with its spectroscopic applications to atoms with a fixed number 
of electrons, Dirac generalized Schrodinger's work and wrote down an equation (the Dirac 
equation) which satisfied both quantum mechanics and the Lorentz invariance of special rela- 
tivity. The Dirac equation was a remarkable equation which gave the correct gyromagnetic ratio 
for the coupling of an electron to an external electromagnetic f eld (again a triumph for a 
symmetry, viz. Lorentz invariance). Additionally, the Dirac equation possessed a further sym- 
metry, this one between positively and negatively charged particles (known as charge conju- 
gation) which predicted the existence of the subsequently found positron. Thus the interplay of 
quantum mechanics with special relativity ielded the existence of anti-matter. Apart from this, 
the Dirac equation also brought about a major conceptual change in our view of the world. 
Specifically, since energy and mass are equivalent according to Einstein's pecial relativity (i.e. 
E = mcZ), the new implication of Dirac's work is that the mass of a given electron is equivalent 
to energy which in turn is (heuristically) equivalent to the mass of an electron plus the mass of 
an electron-positron pair. Hence a single electron is equivalent to two electrons plus a positron, 
so that it no longer has a fixed number of degrees of freedom. Repeating the argument ad 
infinitum then implies that there is no distinction between a single electron and an electron 
accompanied by an infinite number of electron-position pairs (the precise mathematical for- 
mulation of this heuristic description of pair creation is known as quantum field theory and is 
beyond the scope of this article). Thus, because of relativity we transit to a theory with an 
infinite number of degrees of freedom. While we now enter a new and far more complicated 
world we note that precisely because we have transited to an infinite number of degrees of 
freedom we now have the possibility that many-body cooperative phenomena can occur and 
thus provide a mechanism for the spontaneous breakdown of the original quantum-mechanical 
symmetries. 
Thus to sum up, from the physics of the great breakthroughs of quantum mechanics and 
relativity elementary particle physics received two key notions, namely symmetry as a group- 
theoretical spectroscopic classification scheme whenever elativistic pair creation may be ig- 
nored, with the theory then being converted into a many-body problem whenever pair creation 
is relevant. The earlier developments of elementary particle physics concentrated on the spec- 
troscopic aspects of the theory, while the more recent developments have emphasized the many- 
body aspects of spontaneous breakdown. We thus now review both of these types of devel- 
opments just as they have unfolded in elementary particle physics. 
3. SYMMETRY AS A GROUP-THEORETICAL CLASSIFICATION FOR THE 
ELEMENTARY PARTICLES 
With the advent of big high energy accelerators in the fifties and sixties it became possible 
to explore the structure of matter down to nuclear and subnuclear distances of the order of 10-13 
cm. After it became established that the nucleus was composed of neutrons and protons the 
quest began to see what the neutrons and protons themselves were made of. On bombarding 
neutrons and protons with other protons, with electrons, and with photons many new elementary 
particle states were discovered which fell into two broad classes; the baryonic resonances 
("baryon" here means proton-like) with fermionic (i.e. half-integer) instrinsic spin angular 
momentum, and the meson ("meson" means intermediary in Yukawa's sense of mediating the 
nuclear force) resonances with bosonic (i.e. integer) spin angular momentum. As of today well 
over one hundred baryonic resonances and approaching one hundred mesonic ones have been 
established. 
With such a proliferation of elementary particles it became necessary to organize them in 
some way, and in 1961 Gell-Mann[l] and independently Ne'eman[2] recognized that the 
particles nicely fitted into multiplets of a symmetry group, namely SU(3). Thus the spectroscopy 
of atomic and nuclear physics was able to repeat itself again at a new level of matter. While 
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the applications of spectroscopy proved to be extraordinarily successful these were some nov- 
elties and also some problems. The group SU(3) was initially suggested by Gell-Mann and 
Ne'eman since it possessed eight-dimensional octet multiplets (3  2 - -  1 = 8) which could ac- 
commodate nicely the eight low-lying (in mass) spin one-half baryons (the proton family), the 
eight low-lying spin zero pseudoscalar mesons (the pion family) and the eight low-lying spin 
one vector mesons (the rho family). However, the group SU(3) also possessed a smaller multiplet 
than the octet, namely a complex three-dimensional triplet, the fundamental representation, out 
of which all the other epresentations of the group could be built. Hence just as the six parameter 
orthogonal SO(3, l) Lorentz group is built on the four real coordinates x, y, z and t, the eight 
parameter unitary SU(3) group is built out of sets of three complex objects. Thus it was natural 
to inquire into the physical significance of this triplet, and so the quark model was born. 
In i964 Gell-Mann[3] and Zweig[4] introduced the quark model in which the objects in 
the triplet were called quarks, with the hadrons (the baryons and mesons) then being built out 
of quarks just as nuclei are built out of neutrons and protons, to give a shell model at the quark 
level as it were. In the SU(3) triplet there are three types of quarks which are conventionally 
labelled up (u), down (d) and strange (s) (to denote the up and down isospin and the strangeness 
quantum numbers) to give three different varieties (or flavors, as we now say) of quarks. The 
quarks have novel fractional electric charge assignments (the up quark has charge 2e/3 where 
e denotes the charge carried by a proton, while the down and strange quarks each have charge 
-e /3 ) ;  also the quarks have spin one-half. In the quark model then the proton is built out of 
two up quarks and a down quark (to give it charge e), the neutron is built out of one up quark 
and two down quarks (to give it charge zero), while the other members of the proton family 
octet (see the appendix for a more detailed tabulation of this family octet and of all the other 
main elementary particles) are built out of various other combinations of three quarks with 
integer electric charge (specifically uus, uds, dds, a second uds, uss and dss). As well as a 
triplet of quarks, according to the Dirac equation there should also be an antimatter spin one- 
half triplet of antiquarks, ~, d and 7, with electric charges - 2e/3, e/3 and e/3 respectively. 
Then the charge one, zero and minus one pi mesons of the pion family octet are built out of 
du, -~u - dd, and ud respectivel_y, with the rest of the octet containing mesons which are built 
out of ~u +dd - 2~s, ~s, ~d, ds and ~u. An analogous ituation obtains for the rho family 
octet, and it can also be built out of quarks and antiquarks. 
In this manner then all the known elementary particles can be classified according to the 
quark model, and as new particles were discovered the model was able to incorporate them 
either as higher u, d, s quark and/or antiquark excitations, or by increasing the number of 
flavors of quarks. As of today three additional flavors have been identified and they have been 
associated with three new quarks labelled charm (c), bottom (b), and top (t). Thus the SU(3) 
symmetry scheme of Gell-Mann and Ne'eman has evolved into an SU(6) of six flavors, and 
gives, all in all, an extraordinarily good and economical classification scheme for the elementary 
particles. 
Now, as we noted above, there are some problems with the quark model. Firstly, no 
fractionally charged particles have actually been observed so far in accelerator collisions spe- 
cifically designed to break up the proton; and secondly, the quark model failed completely to 
specify the nature of the forces which act between quarks so as to bind them together into 
hadrons in the first place. In the sixties there was a vigorous experimental search for quarks, 
but, reminiscent of the search for Maxwell's aether, it proved to be unsuccessful. Thus the 
quark model fell flat on its face with the much sought and much desired building blocks of 
matter simply not being observed experimentally. Worse, high energy electron proton scattering 
experiments were performed at the Stanford Linear Accelerator Center in the late sixties which 
were a further disaster for the quark model even while being a triumph. Specifically, the data 
were found to be consistent with each of the three quarks in the proton scattering off the electron 
independently and freely of the other quarks in the proton. Thus a free quark model explained 
the observed high energy data remarkably well[5]. But, if the quarks were effectively free at 
high energies they should then be able to escape completely from the interior of the proton and 
be observed in the very same experiments. And yet somehow they were not in fact observed. 
Seemingly, just as they were about to escape from the proton once and for all something 
prevented them from doing so at the very last moment as it were. 
Symmetry and spontaneously broken symmetry 173 
In light of this non-observation f quarks elementary particle theory started to move in a 
new direction, namely that of thinking of quarks as non-observable, permanently confined 
objects, with the forces between the quarks always pulling them back in and never letting them 
escape. The theoretical problem posed by the quark model then was to understand how they 
could be effectively free and thus weakly coupled to each other at high energies while at the 
same time binding into protons which themselves interact with very strong nuclear forces, and 
in such a way that the quarks are never eleased no matter how hard the protons are bombarded 
in an accelerator. Though no complete answer to the above problem has so far been given the 
use of symmetry and many-body ideas has provided us with much insight culminating in the 
development of non-Abelian gauge theories of the fundamental interactions. 
4. LOCAL SYMMETRY 
As we noted earlier, in quantum mechanics a wave function 0(x) would acquire a complex 
exp (ict) phase under a symmetry transformation. A natural extension of this idea is to allow 
the phase ot to depend locally on the point x where the wave function is located. Then wave 
functions at different points acquire different phases. Since a derivative of 0(x) with respect to 
x would depend on the values of O(x) at different points the differential equations of motion of 
the wave function would not be invariant under such local et(x) phase changes. It is possible 
to make them invariant under these so-called gauge transformations, however, by introducing 
additional particles, the so-called vector gauge bosons which, like derivatives, have spin one. 
Indeed, for the wave function of the electron the associated gauge particle is the photon. Thus 
the theory of interacting electrons and photons (quantum electrodynamics) may be developed 
as a local gauge theory of phase transformations, with the forces between the matter fields (the 
electron and positron) being mediated by the gauge bosons needed to maintain the local gauge 
invariance in the first place. With the advent of gauge theories we identify a completely new 
and essentially revolutionary ole for symmetry. Previously symmetry was used kinematically 
as an invariance principle whose primary role was to constrain the forces between particles. 
Now, with local gauge invariance symmetry becomes a dynamical principle for actually pro- 
ducing the forces in the first place with those forces then being mediated by none other than 
the gauge bosons associated with the local symmetry. With local gauge invariance then there 
is now an intimate dynamical connection between symmetry and forces, and as we shall see 
below, this is the essential ingredient for the current unification program of elementary particle 
physics. Finally, we note that when the same gauge invariance principle is applied to the photon 
wave function it forces the photon to be massless, in exact agreement with experiment. Thus 
local gauge invariance is a very powerful concept. 
The extension of gauge invariance to non-Abelian SU(N) groups was developed by Yang 
and Mills[6] in the fifties, and they found that this time in order to maintain the local gauge 
invariance at the level of the equations of motion it is necessary to introduce N 2-1 spin one 
vector bosons. These would again be massless and would again mediate the forces between the 
SU(N) matter fields. 
While the Yang-Mills idea was conceptually elegant not much attention was given to it 
until the seventies when the phenomenon of asymptotic freedom was discovered[7,8]. It was 
noted that non-Abelian gauge theories possessed a peculiar self-quenching mechanism with the 
forces between particles essentially cancelling out at high energies. Thus the interactions between 
quarks would become free at asymptotic energies just as required for the interpretation f the 
high energy electron-proton scattering experiments o which we referred earlier. We therefore 
introduce a new symmetry classification for quarks, known as color, with the quarks then 
carrying color (just like they carry flavor). For phenomenological reasons it turns out that there 
are three colors (denoted by red, green and blue) of quarks, so that the local theory of color, 
known as quantum chromodynamics, would be an SU(3) (another SU(3), not the flavor SU(3) 
of Gell-Mann and Ne'eman) non-Abelian gauge theory mediated by a set of eight massless 
colored gauge bosons known as gluons. It is generally believed today that the local SU(3) theory 
of interacting quarks and gluons is the fundamental theory of the nuclear force, with the colored 
gauge bosons being for the nuclear force exactly what the photon is for the electromagnetic 
force. 
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The reason why quantum chromodynamics is asymptotically free may be understood heu- 
ristically. According to quantum field theory the ground state of a field theory is a many particle 
mixture of particle antiparticle pairs in exactly the same way as, as noted earlier, the electron 
is equivalent to an electron plus an infinite number of electron positron pairs. Thus even though 
the ground state of a quantum field theory is known as the vacuum it is far from empty, as 
may be anticipated since the physical creation of matter and antimatter which occurs in high 
energy accelerator experiments i due to the excitation of particles out of the vacuum. The 
vacuum thus has structure. The exploration of this structure is known as quantum field theory. 
Without needing to delve into the details of quantum field theory it is possible to use the above 
picture to understand some simple properties of the vacuum. 
We consider first the vacuum polarization of quantum electrodynamics. A negatively 
charged electron is surrounded by a vacuum of electron positron pairs, and thus polarizes them 
causing the positrons to move nearer to the initial electron and the electrons to move further 
away, thereby inducing a dielectric field pointing away from the initial electron. This induced 
field tends to repel a positive test charge, which can then only feel the full attraction due to 
the initial electron when it gets very close to it. Hence in quantum electrodynamics the effective 
charge increases as objects get closer, and decreases as objects get further away. 
The above situation is reversed in quantum chromodynamics. Now the vacuum is filled 
with the colored gauge bosons. Since they carry spin the vacuum acts as a magnetic medium 
rather than an electric one. Now for a vacuum filled with magnetic moments the effect of an 
applied magnetic field is paramagnetic and produces an induced field in the same direction as 
the applied field. Thus a quark polarizes its surrounding luon vacuum so that the effective 
charge decreases as objects get closer and increases as objects get further away. This is then 
asymptotic freedom with the polarization of the gluon vacuum dynamically cancelling the forces 
between quarks at short distances deep inside the interior of the proton, just as required ex- 
perimentally. 
While this asymptotic freedom phenomenon was a considerable triumph for quantum 
chromodynamics the theory can go even further. Specifically, we note that the forces between 
quarks grow at large distances. Hence if they grow enough they may become so strong so as 
to confine the quarks altogether, so that they then could not escape from the interior of the 
proton. Though this is an attractive and widely anticipated possibility it has yet to be realized 
fully and is at the center of current research efforts. While the ultimate fate of quantum 
chromodynamics awaits a successful resolution of the confinement question (and of the related 
issue of showing that he hadrons are in fact dynamical bound states in quantum chromodynamics, 
and then calculating their masses) its success in high energy electron proton scattering is so 
encouraging that there is now a great measure of confidence in the theory, so much so in fact 
that it has stimulated and extended interest in non-Abelian gauge theories elsewhere inelementary 
particle physics, a topic to which we now turn. 
5. SPONTANEOUSLY  BROKEN SYMMETRY 
While the discovery of asymptotic freedom greatly enhanced the status and utility of non- 
Abelian gauge theories, interest in them actually preceded the development of quantum chro- 
modynamics. Specifically, already in the sixties Weinberg[9], Salam[10], and Glashowll 1] 
had, independently, developed an earlier non-Abelian gauge theory, this one for the weak 
interactions (the interactions which are responsible for radioactive beta decay). Unlike quantum 
chromodynamics this particular gauge theory also incorporated the then relatively new many 
body concept of spontaneously broken symmetry. As well as using a new and untested concept 
the theory also had some other severe initial difficulties. For instance, it was not clear how to 
incorporate quarks into the theory correctly, and it was not at all clear whether the contribution 
due to the infinite number of particle antiparticle pairs in the vacuum would lead to finite (as 
opposed to infinite) values for the observable predictions of the theory (the so-called renor- 
malization problem). So initially the idea could not be taken too seriously, and it was only in 
the seventies that all the outstanding theoretical issues were successfully resolved, and that 
experimental support for the whole idea was obtained. 
The central problem for theories of the weak interactions has been around since Fermi's 
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work in the thirties. Basically, Fermi suggested a phenomenological model of the weak inter- 
actions in which four spin one-half ermions interacted locally at the same space-time point. 
This model, together with subsequent modifications necessitated bythe experimental discovery 
of non-conservation f parity in the fifties, gives an extremely good description of low energy 
weak interaction phenomenology. However, at higher energies of the order of 101~ electron 
Volts (i.e. 100 times the rest energy of the proton), because of the local nature of the four 
fermion interaction the theory implied that scattering processes which involved the four fermions 
would violate unitarity (i.e. conservation of probability). The local pointlike four fermion 
interaction was thus wrong in principle, and had to have some additional structure at high 
energy. The natural way to give the weak interaction some extra structure would be to have it 
mediated by an analog of the photon, thus suggesting the existence of a weak interaction 
intermediate vector boson which would then be for weak interactions exactly what the photon 
is for electromagnetism, and what the gluon now is for the strong interaction. Now the weak 
interaction is known to be a very short range interaction (typically of nuclear size or less), and 
since the range of an interaction is given in quantum field theory by the Compton wavelength 
(~i/mc) of the exchanged or mediating particle, the intermediate v ctor boson would have to be 
very heavy. (For electromagnetism thephoton is massless and hence electromagnetic forces are 
long range). However, if, by analogy with electromagnetism, theintermediate vector boson is 
to be associated with a gauge principle (this anyway being the most elegant and restrictive 
possibility--and the only one with any strong predictive power) then, as we have seen, the 
same gauge principle would require the intermediate vector boson to be massless, and hence 
not yield the desired short range weak interaction after all. This is then the central problem of 
the weak interactions and it was ultimately resolved by the development of the Weinberg- 
Salam-Glashow theory. 
The resolution of the problem stems from the fact that it is possible for a vector boson to 
actually acquire a mass in a guage invariant heory if the gauge symmetry is spontaneously 
broken, so that the solutions to the equations of motion (which yield the masses of the particles) 
have lower symmetry than that (exact gauge invariance) of the equations of motion themselves. 
The mass is then generated by the dynamics between the particles and is output o the theory 
rather than input. Being output he mass is then also in principle calculable. 
In discussing the explicit way in which spontaneous breakdown works in field theory we 
have to distinguish between whether the underlying symmetry is global (phase xp (iet) constant 
in space-time) orlocal (phase xp (iet(x)) space-time dependent). For the case of global symmetry 
the essential features are exhibited in the Heisenberg ferromagnet. Here the forces between the 
spins of the atoms at the lattice sites of a ferromagnetic material are short range (nearest neighbor 
typically) and also rotationally invariant. However, in the ground state of the system it is found 
that all the spins are aligned at absolute zero of temperature, sothat the total spin magnetization 
of the system is non-zero and has a preferred, rotational non-invariant, direction. Thus though 
the forces are only short range the particles all conspire to lock in a macroscopic solution to 
the equations of motion with the associated locked in ground state then actually not being 
rotationally invariant. With all the spins locked into the same direction we thus have long range 
order (i.e. a correlation between the spins of atoms located on opposite sides of the crystal) 
even though the forces are only short range. This locking in is a many-body cooperative effect 
due to the presence of many particles, with the sheer fact of there being many particles over- 
whelming the fact that the individual interactions are only short range. Thus if the dynamics 
conspires to produce long range order at all then at the same time it will also conspire to lock 
in a preferred irection and yield a ground state which has lower symmetry than that of the 
underlying interparticle forces. This, then, is spontaneous symmetry breaking. Finally, whenever 
this happens we note additionally that it is found that the spontaneous breakdown also produces 
one further feature, namely a set of dynamical bound state collective modes. For the ferromagnet 
these modes are the spin waves. 
For the case of local symmetry the essential features are exhibited in the Bardeen-Cooper- 
Schrieffer[12] theory of superconductivity. In a superconductor electrons form Cooper pairs 
which are correlated over rather long distances (i.e. long range order again) and flow through 
the superconductor in supercurrents which persist for very long times. When a magnetic field 
is applied along the axis of a cylindrical superconductor hese supercurrents will typically flow 
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in circles around the axis of the cylinder near to its surface (the skin effect) in such a direction 
so that, by Lenz's Law, they induce a magnetic field which will oppose the applied field. The 
magnetic field is thus cancelled in the interior of the superconductor (the Meissner effect) and 
mainly resides at the surface of the material. Thus as we go deeper into the superconductor he 
electromagnetic potential falls off very fast, typically as exp ( - r/h)/r where h is of the order 
of the Cooper pair correlation length, in contrast to its pure 1/r behaviour in free space. Thus 
within the interior of a superconductor the magnetic field only penetrates the medium to a 
penetration depth of order h. Within the medium of the superconductor then magnetic fields 
behave very differently than in free space] 13,14]. 
As we noted earlier the vacuum of a quantum field theory is a many-body medium, and 
thus the above discussion of spontaneous breakdown in solid state physics carries over to 
elementary particle physics essentially in its entirety. However, because of constraints due to 
the Lorentz symmetry of special relativity, there are some significant new features in both the 
global and the local symmetry cases. In both the cases it turns out that the collective modes 
associated with the spontaneous breakdown of a symmetry are constrained to have two specific 
properties: they have to be massless, and they have to carry zero intrinsic spin angular mo- 
mentum. Such modes are known as Nambu-Goldstone bosons[ 15,16], and they are characteristic 
of spontaneous symmetry breakdown in relativistic quantum field theory. The emergence of 
such strictly massless, spinless bosons is actually initially something of an embarrassment for
elementary particle theory since none have ever been observed experimentally. Nonetheless, 
the whole idea has in fact been successfully applied in elementary particle physics with different 
physical realizations occuring in the global and the local cases. 
We discuss first the global case. In the early sixties it became apparent that the spin zero 
pi mesons (the lightest of the known mesons) interacted with matter in a manner similar to 
that expected of Nambu-Goldstone bosons, suggesting that they were close to being such bosons. 
Specifically, it was found that the strong interactions in general, and quantum chromodynamics 
in particular, possessed a particular global symmetry (specifically a rather technical symmetry 
known as chiral flavor). However, this same global symmetry was only an approximate invar- 
lance of the weak interactions. (The weaker the interaction, the lower, in general, is the 
symmetry of the forces between particles). As we noted earlier in our discussion of quantum 
chromodynamics, the pi mesons are quark-antiquark bound states which are held together by 
the gluons. If, then, (and this has yet to be demonstrated conclusively) the polarization due to 
the many-body gluon vacuum brings about a spontaneous breakdown of the global chiral flavor 
symmetry (to thus provide an extremely delicate interplay between symmetry and dynamics) 
the pi mesons will then become xactly massless bound states and would thus be true Nambu- 
Goldstone bosons as far as the strong interactions are concerned. Then, finally, the weak 
interaction would break the global chiral flavor symmetry explicitly (i.e. in the equations of 
motion) but weakly, and thus partially destroy the Nambu-Goldstone phenomenon and give 
the pi mesons a small mass. Thus the pi mesons, whose observable masses are small but 
nonzero, are not exact Goldstone bosons, but are close enough that the theory still has predictive 
power. The theory thus explains why the pi mesons are so light compared to all the other known 
hadrons, with the Nambu-Goldstone picture of the pi mesons being in excellent accord with 
experiment. 
We turn now to a discussion of the Nambu-Goldstone phenomenon i the case of spon- 
taneous breakdown of a local symmetry. In this case a relativistic analog of the Meissner effect 
in a superconductor occurs with the massless vector gauge boson associated with the local gauge 
invariance acquiring amass (the relativistic analog of the mass,'~/hc, associated with a Compton 
wavelength of order the penetration depth of a superconductor) in the presence of an ordering 
(i.e. a spontaneous breakdown) of the quantum field theory vacuum. Thus the dynamics of the 
vacuum gives the gauge boson a mass despite the fact that the forces are gauge invariant, so 
that the gauge boson then mediates hort range interactions. In counting the number of states 
of spin polarization of the vector boson (i.e. the number of different projections of its spin 
angular momentum vector along an axis of spin quantization), we note that while a massless 
vector boson possesses two spin projections (viz. left and right circularly polarized, just like 
the photon, the massless light quantum), a massive vector boson possesses three (left and right 
circularly polarized and also a state of zero spin projection, i.e. a state of longitudinal polari- 
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zation). There is thus a question of where this third, longitudinal, state came from. The answer 
to this question was originally given by Higgs[17] who noted that the extra state came from 
none other than the spin zero (and hence spin projection zero) Nambu-Goldstone boson which 
accompanies the spontaneous breakdown. (i.e. the supercurrent makes the magnetic field short 
range in the interior of a superconductor). We thus recognize the Higgs phenomenon i which 
the would-be massless Nambu-Goldstone boson combines with the massless vector boson into 
one all-embracing massive vector boson so that no massless particle (spinless or vector) remains 
in the spectrum. Thus not only do we avoid the potential existence of massless vector gauge 
bosons, we get rid of the massless Nambu-Goldstone bosons as well. With the Higgs mechanism 
then we thus identify an explicit mechanism by which the many-body dynamics can conspire 
to give a mass to a vector gauge boson in a theory whose forces are strictly gauge invariant. 
Finally, then, this is precisely what we want for a theory of the weak interactions. 
6. THE WEINBERG-SALAM-GLASHOW THEORY OF THE WEAK INTERACTIONS 
At the time of the development of the Weinberg-Salam-Glashow theory the following 
properties of weak interactions were known. Fermi's four fermion interaction could be written 
in the form of a product of two local currents (each one containing a fermion and an antifermion, 
just like the electromagnetic current), one current carrying charge + e and the other one carrying 
charge - e. At that time the only other established current was the electromagnetic current itself 
which carries zero charge. The weak interaction currents had both a leptonic (i.e. electron-like) 
and a hadronic piece. The leptons (viz. the electron (e), the muon (Ix), and their respective 
neutral counterparts the neutrinos (re and v~)) contributed currents behaving as ~,ve + 13,v~ 
(charge + e) and fi~e + fi~,Ix (charge -e ) .  The hadronic piece with charge + e behaved like 
(d cos 0 + ~ sin 0)u, while the piece with charge - e behaved like K(d cos 0 + s sin 0). (The 
elucidation of this particular form with d, s mixing angle 0 is due to Cabibbo[18]). The four 
fermion interaction could thus describe radioactive beta decay processes uch as the decay of 
a neutron into a proton plus an electron and the antiparticle of the electron neutrino, a decay 
which proceeds at the quark level via d ~ u + e- + fie. 
In order to introduce vector bosons and give them masses, we now note as follows. The 
essential ingredient for implementing the Higgs mechanism is first to have a local gauge 
invariance for the exp (i a(x)) phases based on some unitary SU(N) group. Given the existence 
of the charge + e and -e  weak interaction currents the smallest SU(N) group we could use 
that would include these currents would be the non-Abelian SU(2) group with N 2 - 1 = 3 
spin one vector bosons. Hence in order to associate the charge plus and minus one intermediate 
vector bosons, W + and W-,  with the charged weak interaction currents the SU(2) group theory 
necessitates that there actually be a third current and one further vector gauge boson. From the 
phenomenological structure of the weak interaction currents it turns out that this third current 
and its associated gauge boson should be electrically neutral. It would initially be very tempting 
to have this third current be the electromagnetic current, but its explicit structure does not fit 
in to the SU(2) group theory. Thus there has to be another neutral current in nature. This is 
then a very deep and powerful symmetry based prediction, because it says that in order to give 
the charged W ÷ and W- gauge bosons a mass by spontaneous symmetry breaking there has to 
be a new neutral current with its own associated neutral gauge boson. 
For the purposes of simply implementing the Higgs mechanism it would have been sufficient 
to stop with a weak SU(2) group. However, because the needed third current was electrically 
neutral just like the electromagnetic current, Weinberg, Salam, and Glashow instead built not 
a three current model but a four current model, based on an SU(2) x U(I) group which contains 
altogether four gauge bosons. With the use of four currents the weak interaction currents could 
then be augmented with the electromagnetic current into a model which thereby unifies the 
weak interactions with electromagnetism. Even prior to the development of the SU(2) × U(I) 
theory there had been some speculation on a possible unification of the weak and electro- 
magnetic interactions motivated primarily by the fact that they both had a current structure and 
by the fact that the hadrons and also the leptons participated in both the interactions. Standing 
in the way of such a unification was the fact that the weak interaction was short range while 
the electromagnetic interaction was long range. This difference could now be generated entirely 
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by the Higgs mechanism. Thus with the advent of non-Abelian gauge theories we can have an 
observable asymmetric world (the intermediate vector bosons get a mass, the photon does not) 
emerge in a theory which treats all forces in a completely symmetric manner. Since the weak 
and electromagnetic interactions are thus treated symmetrically (i.e. at the level of the equations 
of motion) they are thereby unified. Merely generating a mass for the W bosons alone would 
already have been a significant development, but in fact the SU(2) x U(I) model goes a lot 
further since it provides a unification of two of the fundamental forces in nature, forces that 
on the face of it look highly disimilar, with all of this disimilarity being due to the dynamics 
of the vacuum. 
In order to determine the explicit experimental predictions of the SU(2) × U(I) model it 
is necessary to specify the group theoretical content of the would-be Goldstone bosons of the 
model, and of the concommitant direction in which the vacuum breaks (i.e. the analog of the 
direction in which the rotational non-invariant total spin magnetization f a ferromagnet actually 
points). The simplest such specification is to break SU(2) x U(1) according to a doublet which 
contains two complex scalar fields (the doublet is the building block of SU(2) just like the 
complex triplet builds SU(3)). The two complex fields themselves can be rewritten as four real 
fields. With one of these four real fields being needed to specify the direction of vacuum 
breaking there is room for only three would-be Goldstone bosons and thus only three of the 
four gauge bosons of SU(2) x U(I) can acquire masses by the Higgs mechanism. The one 
gauge boson which stays massless is identified with the photon while the three that acquire 
masses are the W + and W- and a third electrically neutral gauge boson known as the Z. 
Additionally, since the real field which specifies the direction of vacuum breaking does not 
itself participate in the Higgs mechanism it must remain in the physical spectrum as an observable 
scalar, spinless field. Because it is the group-theoretic partner of the would-be Goldstone bosons 
this observable field (which turns out to be massive) is known as a Higgs boson. Since the 
model is unified the strength of the weak interaction is set by the known strength of the 
electromagnetic interaction, i.e. by the value of the electric charge. Using the above doublet 
pattern of breaking the masses of the W and Z bosons can then be completely determined, and 
it is found that the two charged W bosons acquire a mass of 83 x l0  9 electron Volts while the 
Z boson acquires a mass of 94 x 10 9 electron Volts. (Interestingly, this is just nicely in the 
energy range where, as we noted before, the pointlike four fermion interaction would have to 
start showing some structure). 
As well as classify the gauge bosons, the SU(2) x U(1) model can also classify the leptons 
and the quarks. Specifically, the electron and its neutrino are found to form an SU(2) doublet, 
and likewise the muon and its neutrino. Similarly, the up and down quarks form an SU(2) 
doublet so that the up and down quarks which were originally classified according to the strong 
interaction up and down isospin (an SU(2) subgroup of the flavor SU(3) of Gell-Mann and 
Ne'eman) are now classified according to the weak interaction SU(2) as well. However, not 
all was well initially with this weak interaction classification scheme for quarks, since the only 
other quark known at the time of the development of the SU(2) x U(I) model was the strange 
quark, which could not by itself fill up an entire doublet. To place the strange quark in a doublet 
it was necessary to introduce yet another quark, the charm quark[11], for which there was then 
no experimental support. Thus in the late sixties the status of the Weinberg-Salam-Glashow 
theory was that it was based on an untested Higgs mechanism idea, that it was a highly speculative 
attempt at unification, and that it made a whole host of unverified predictions--neutral currents, 
W bosons, Z bosons, Higgs bosons, and charmed particles. Finally, it was not even clear whether 
the model was even internally consistent (the renormalization problem). 
This last, theoretical, difficulty was resolved by t'Hooft[ 19] who showed that non-Abelian 
gauge theories were in fact renormalizable, just like electromagnetism, so that the contributions 
due to the infinite number of particle antiparticle pairs in the vacuum would lead to finite 
observable predictions after all. Moreover, it turns out that theories in which non-Abelian gauge 
bosons already possess a mass at the level of the equations of motion are themselves not 
renormalizable. Thus the only renormalizable theory of massive non-Abelian gauge bosons is 
then one in which the gauge bosons acquire their masses by spontaneous symmetry breaking. 
This is then the hidden power of broken symmetry. 
After this theoretical hurdle was disposed of people started to take non-Abelian gauge 
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theories more seriously and a vigorous theoretical nd experimental effort commenced. Neutral 
currents[20] and charmed particles[21] were soon found experimentally, and then, most spec- 
tacularly, the W[22] and Z[23] bosons themselves with just the right experimental masses. 
Additionally, a third charge -e lepton (the ~" lepton) and its associated neutrino were found, 
with these two panicles then being nicely accommodated into another SU(2) doublet; and then 
a third pair of quarks (b and t) which also fitted into an SU(2) doublet were found. As of today 
the only unverified prediction of the Weinberg-Salam-Glashow theory is the existence of the 
Higgs boson, and it is currently the subject of a vigorous experimental search. Apart from this 
last (minor) question the Weinberg-Salam-Glashow theory is in extraordinary, even phenom- 
enal, agreement with experiment, and today represents one of the best physical theories. 
7. GRANDUNIFICATION 
Armed with the success of the Weinberg-Salam-Glashow unification program (in fact, 
characteristically of elementary panicle theory, prior to its actual experimental verification) the 
next natural step to take was to unify the electromagnetic and the weak interactions with the 
strong interactions[24,25]. Until the seventies this was a totally remote and highly whimsical 
idea, devoid of any serious underlying theoretical framework. What changed this situation was 
the advent of quantum chromodynamics and the discovery that the previously intractable strong 
interactions could be described by none other than a non-Abelian gauge theory. Thus the strong, 
the electromagnetic and the weak interactions were all found to be local gauge theories, and 
could thus all be unified into one all embracing framework to give a grandunification f these 
three fundamental forces. 
To unify explicitly we note that the direct product group of quantum chromodynamics with 
the Weinberg-Salam-Glashow group is SU(3) x SU(2) x U(1) with 12 (=8 + 3 + 1) as- 
sociated vector gauge bosons. We may therefore unify these three interactions group theoretically 
by embedding SU(3) x SU(2) x U(1) into one single all-embracing larger grandunifying group. 
All of the three interactions are then completely equivalent and describable by one and the same 
gauge group and thus their interactions are identical at the level of the equations of motion. Of 
course their observable interactions are very different, and all of this difference must thus be 
attributable to the Higgs mechanism. In order to unify at all we must use some larger grand- 
unifying gauge group, and this larger group will, consequently, necessarily generate some new 
and previously unanticipated interactions. 
To study the experimental implications of these new interactions and also the explicit Higgs 
breaking pattern it is convenient to discuss the simplest and most popular of the various grand- 
unifying gauge groups that have been proposed in the literature, namely SU(5)[25]. The local 
SU(5) gauge group possesses a total of 24(= 52 - 1) vector gauge bosons. Since 12 of them 
have already been identified with the SU(3) x SU(2) x U(1) subgroup of SU(5), the model 
therefore requires the existence of 12 other, new, vector gauge bosons altogether, With grand- 
unification we unify not only the interactions, but also the matter fields by putting the quarks 
and leptons into common multiplets. In SU(5), for instance, we put three down quarks, one of 
each of the three colors, a positron, and an electron antineutrino t gether in the five-dimensional 
representation f SU(5) (viz. its building block). Thus, at the level of the equations of motion, 
quarks and leptons are also completely identical. The 12 new gauge bosons of the SU(5) theory 
mediate transitions between the various leptons and quarks (precisely because the leptons and 
the quarks are in common representations) and are known as leptoquark gauge bosons. Such 
leptoquark gauge bosons thus mediate transitions in which quarks are converted into leptons, 
and thus cause the proton to decay into leptons (with typical decay processes such as p --~ e ÷ 
+ rr°). Thus the extraordinary implication of grandunification is that matter is simply no longer 
stable, and that it will all ultimately decay. 
Now of course the proton has never been seen to decay and thus these quark lepton 
transitions must be highly inhibited. Now, as we noted earlier for a superconductor, within the 
medium the potential behaves as exp ( - r /h ) / r .  Therefore, if h is extremely small (i.e. if,/(/ 
hc is extremely big) the potential will be very weak. Analogously then, if the 12 leptoquark 
gauge bosons acquire huge masses they will only mediate proton decay very weakly causing it 
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to be highly inhibited and occur very slowly with a huge lifetime. Hence a Higgs mechanism 
which gives such huge masses to the leptoquark gauge bosons can nicely suppress proton decay. 
While we see that we will need huge masses the great appeal of grandunified models is 
that we can actually calculate what the masses hould be. Specifically, we recall that in asymp- 
totically free theories (such as the non-Abelian SU(5) theory) the effective charge due to the 
polarization of the gauge boson vacuum decreases as the distance decreases (i.e. as the mass 
or the energy increases). But we already know the effective charge in the 10~-electron Volts 
region because that is where the Higgs mechanism is operative in the Weinberg-Salam-Glashow 
sector of the theory. Thus we can extrapolate back[26] to determine the effective charge in the 
leptoquark gauge boson mass region. For SU(5) this extrapolation leads us to a leptoquark 
gauge boson mass scale of the order of l023 electron Volts, yielding a proton lifetime of the 
order of 1030 years. (To get a feeling for the size of such a lifetime we note that the age of the 
universe is only 10 ~° years). We thus note the versatility and flexibility of spontaneous symmetry 
breaking. By generating all mass scales in the vacuum we are able to unify scales all the way 
from 10 6 electron Volts (the mass of the electron) to 10 23 electron Volts, i.e. we can unify scales 
which differ by as much as 17 orders of magnitude, scales which would not otherwise appear 
to be even remotely related. 
As for the experimental situation regarding the proton lifetime we note that it is not necessary 
to wait l03° years to see a decay. We can simply put 1030 protons in a container and then, 
according to quantum mechanics, we should see one decay per year. Consequently, such 
experiments are currently being vigorously performed with sensitivities now ranging up to about 
1033 years. As of today the experimental situation is a little discouraging since no proton decay 
has yet been seen despite the tremendous effort that has so far been invested. Moreover, because 
of their high sensitivity, the current generation of experiments have already been able to set a 
lower bound for the proton lifetime of 1032 years[27], thus ruling out simple grandunification 
schemes uch as the SU(5) model. Thus as of today there is absolutely no evidence at all for 
grandunification, and whether proton decay will actually be seen in the near future and whether 
some other of the many grandunification models (or a modified SU(5)) will correctly determine 
its lifetime remains to be seen and studied further. Nonetheless, what is important at the moment, 
is that with the advent of spontaneously broken non-Abelian gauge theories we have, for the 
first time, a framework in which realistic questions about a grandunification f the fundamental 
forces can be asked theoretically and be actually tested experimentally. 
8. SUPERUN1FICATION 
Though a grandunification f the strong, electromagnetic and weak interactions still awaits 
experimental confirmation (or denial), the theoretical developments that it has engendered invite 
an even more ambitious unification, namely that of the three grandunified forces with the only 
other known fundamental force, namely gravity. Such a unification of all of the four fundamental 
interactions i known as a superunification, and its achievement would yield the unified field 
theory that many physicists have dreamed of, and which no less a physicist than Einstein himself 
worked on for most of the latter part of his life. Indeed, Einstein's earlier and most celebrated 
work, namely his general theory of relativity, already contained some elements of unification 
in it since it was not just a theory of gravitation, but rather it was a unification of space and 
time with gravity. Moreover, because it led to a classical field theory of gravity it motivated 
Einstein to seek a unification of the gravitational field with the only other known macroscopic 
field, namely the electromagnetic one. For philosophical reasons, Einstein resisted quantum 
mechanics and thus sought an essentially geometric unification which was to be made at the 
level of the classical theory only. However, as we have already seen with the Weinberg-Salam- 
Glashow theory, it was only with the explicit inclusion of the quantum-mechanical effects 
associated with the spontaneous breakdown of non-Abelian gauge theories that unification 
became possible. Thus modem attempts at superunification have focussed on a unification with 
gravity at the quantum-mechanical level involving a quantized rather than a classical theory of 
gravity. 
Such a possible superunification program has received encouragement from various ources. 
First, the unification of space, time and gravity embodied in the general theory of relativity is 
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achieved through the imposition of a principle of generalized coordinate covariance (symmetry 
yet again) which requires that the predictions of the theory not depend on arbitrary choices and 
changes in the space-time coordinate frame of reference (the Lorentz transformations of special 
relativity then form a particular subset of these more general coordinate transformations). Since 
such arbitrary changes of frame of reference allow different changes to be made at different 
space-time points such changes are local, and hence in many ways analogous to the local gauge 
tranformations of non-Abelian gauge theories. Thus superunification may have a local gauge 
underpinning. 
Secondly, from Newton's gravitational constant G, Planck's quantum of action f l  and the 
velocity of light c it is possible to form one unique combination with the dimension of a mass, 
viz. O(c/G) 1/2, the so-called Planck mass. Numerically this Planck mass is of the order of 10 -5 
grams, i.e. of the order of 1028 electron Volts in energy units. This mass scale is remarkably 
close to the mass scale of grandunification, viz. 1023 electron Volts, suggesting that we only 
have to continue the grandunification program a little further to the higher Planck mass scale 
to obtain an overall superunification with the effects of quantized gravity then becoming im- 
portant. 
Our final motivation for superunification comes from an at first unlikely source. The division 
of the world into separate fermion and boson sectors that is present in elementary particle theory 
is somewhat ugly and artificial. To connect he two sectors it has been proposed (see e.g.[28] 
for a recent review) that there exist specific transformations which mix integer spin particles 
with half-integer ones. Such transformations are known as supersymmetry transformations. 
They are interesting transformations in their own right, but do not appear to be exact or even 
approximate invariances in nature. For our purposes here we note that since fermionic and 
bosonic fields have different dimensions, in order to connect hem at all we have to have some 
additional operators in the supersymmetry group of transformations which can carry off the 
dimension balance. Such operators turn out to be none other than the familiar momentum 
operators associated with the space and time translation transformations of special relativity. 
Moreover, we can even go further by requiring that the supersymmetry transformations be local 
rather than global (just like we did with electromagnetism). Because of the above connection 
with space-time this leads to a local theory which turns out to be none other than a theory of 
gravity, called supergravity (see e.g. [29] for a recent review). Thus the road to superunification 
may be through supergravity. This exciting possibility and other potential superunification 
mechanisms are currently being explored in the literature with great vigor, and only time will 
tell their ultimate fate. 
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APPENDIX :  L IST ING OF THE MAIN ELEMENTARY PART ICLES  
In this appendix we collect together and tabulate the main elementary particles to which we have referred in the 
text. 
(a) The strongly interact ing hadrons 
(i) The proton family octet 
electric 
Name mass in eV spin charge isospin strangeness quark content 
proton, p 938.3 x 106 1/2 1 I/2 0 uud 
neutron, n 939.6 x 106 1/2 0 1/2 0 udd 
A 1115.6 × 106 1/2 0 0 - 1 uds 
~+ 1189.4 x l& 1/2 1 1 - I uus 
~o 1192.5 × 10 ~ I/2 0 1 - I uds 
~-  1197.3 × 106 1/2 - 1 I - I dds 
go 1314.9 × l& 1/2 0 1/2 -2  uss 
~-  1321.3 × 106 1/2 - 1 1/2 -2  dss 
(ii) The pion family octet 
electric 
Name mass in eV spin charge isospin strangeness quark content 
"n "+ 139.6 x 106 0 1 1 0 du 
'rr ° 134.9 x 106 0 0 I 0 ~u -dd  
'rr- 139.6 x 106 0 - I I 0 ~d 
"q 548.8 x 106 0 0 0 0 ~u +dd - 2~s 
K + 493.7 x 106 0 1 1/2 1 ]u 
K ° 497.7 × 106 0 0 1/2 1 ~d 
K- 493.7 x 106 0 - 1 1/2 - 1 ~s 
K ° 497.7 x I& 0 0 1/2 -1  ds 
(iii) The rho meson family octet 
electric 
Name mass in eV spin charge isospin strangeness quark content 
p+ 767 x 106 
pO 770 × 106 
p- 767 × 106 
to 783 x 106 
K** 892 × 106 
K *° 896 × 106 
K*- 892 × 106 
K *° 896 × l& 
l l 0 du 
0 1 0 ~. -~a 
- I  1 0 Ftd 
0 0 0 ~u+dd 
1 1/2 1 ~u 
0 1/2 I ~d 
- 1 I/2 - 1 ~s 
l 
0 112 - I ds 
Symmetry and spontaneously broken symmetry 
(b)  The weakly and electromagnetically interacting leptons 
183 
Name mass in eV spin electric charge 
electron, e 0.5 x l& I/2 - 1 
vc <46 I/2 0 
muon, p, 105.7 x 106 I/2 - 1 
v~ <0.5 × 10 ~ 1/2 0 
1784.2 × 106 I/2 - 1 
<164 x 106 1/2 0 PT 
(C) The vector gauge bosons 
Name mass in eV spin electric charge interaction mediated 
photon, ~/ <3 x 10 -27 I 0 electromagnetic 
W ÷ (80.8 - 2.7) x 109 I 1 weak 
W- (80.8 - 2.7) x 109 1 -1  weak 
Z (92.9--- 1.6) x 109 1 0 weak 
gluon massless (theoretically) 1 0 strong 
